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SECTION 1 

INTRODUCTION 

This is the first quar te r ly  report  on P ro jec t  NAS 9-3734, "Study of 
Mineral  Stability in the Lunar Environment. I '  The project  was initiated on 
16 November 1964, and this  r epor t  covers the period f r o m  the commence- 
ment date to  16 Februa ry  1965. 

The work to  date has closely followed the program out l ine4in Bendix 

Efforts during 
Systems Division's Technical Proposal BSD 965, August 1964, as supple- 
mented by Bendix Let te r  64-520- 13919, 30 September 1964. 
the th ree  month period covered in this r epor t  have been devoted to: 

1. 

2. 

3. 

4. 

5. 

Procurement  of the purest  g rade  minera ls  (as l is ted in  the con- 
t rac t ,  Exhibit "A" Statement of Work, Section 4, Mineralogy), 
laboratory synthesis of an ammonium f e l d s ? a r  {an~r thcc lzse) ,  
production of a basal t  glass f r o m  a natural ,  f ine-grained basalt  
rock, and i r radiat ion of a plagioclase (labradorite). 

Sample preparation according to  particle s i ze  distribution 
required to  c a r r y  out prescr ibed tes ts .  

Differential thermal  analyses (DTA) and thermogravimetr ic  
analyses  (TGA) of minera l  samples  under ambient conditions. 

Mass spectrometer  analyses of minera l  samples  in vacuum. 

Fabricat ion of a special  X-ray c a m e r a  to  be affixed t o  the 
c r o s s  section of the ultrahigh-vacuum chamber. 

In addition, minera l  samples  have been sealed and set as ide for  
chemical  analyses  at the conclusion of the long-term experiment,  and min-  
e r a l  chips a r e  present ly  at Columbia University being processed  into thin 
sect ions . 

1 - 1  



SECTION 2 

TEST MINERALS 

2.1 . MINERAL SPECIMENS 

A total  of 14 minera ls  and glasses  are  to be investigated. They in- 
clude 12 natural  and two synthesized mater ia l s ,  a s  follows: 

NH3 Feldspar  
Hematit e 
Antinolite 
Antigorite 
Talc 
Muscovite 
Natrolite 

Calcite 
Gypsum 
Goethite 
Basal t  Glass  
Tektite 
Plagioclase ( i r radiated)  
Calcium- Montmorillonite 

The ammonium feldspar  is current ly  being prepared in the laboratory 

4 by synthesizing an anorthoclase with NH C1 at approximately 14,000 psi. 
It is expected that NH4 will replace some of the Na' and K'. The basal t  
g lass  has  been successfully produced by fusing a pure basalt  in  the labora-  
tory. High-grade labradori te  samples a r e  now cooling af ter  30 hours in 
the nuclear reac tor  at The University of Michigan. 

Table 2-1 lists the minera l  specimens obtained for  this study, their  
specific locali t ies,  and the source of procurement.  

Colored photographs of the minerals  and rocks used in the investiga- 
tion are included as Appendix A. 

2 .2  SAMPLE PREPARATION 

Except for  the Ca-montmorillonite (in powder form), a l l  mine ra l  
specimens were  received f r o m  suppliers in the f o r m  of 4- to 10-cm f r ag -  
ments.  
smaller, m o r e  workable par t ic les  on the o rde r  of 1 cm. 
impuri t ies  were  removed a t  this stage, but considerable c a r e  was taken 
not t o  introduce contaminating material. 

A rock trimmer was used to break these la rge  fragments  into 
Only the l a rge r  
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TABLE 2-1 

LIST OF MINERAL SPECIMENS 

Mineral  Loc alitv Source 

Actinolite Brno, South Moravia, Southwest Scientific Co. 
C ze c hoslovakia 

Anorthoclase (for Tanganyika 
NH4 feldspar)  

Ward 's  N a t u r a l  Science 
Establishment,  Inc. 

Antig o r  i te  Montville, New J e r s e y  The University of Michigan 
Mineralogical Museum 

Basalt ,  P u r e  mass Branchville, Conn. 
(for basal t  g l a s s )  

Southwest Scientific Co. 

Calcite,  var. Cree l ,  Chihuahua, Mexico Southwest Scientific Co. 
Iceland spa r  

Calcium - Houston, Texas 
montmorillonite 

NASA - MSC 

Goethite Mesabi Range, Minn. Ward 's  Natural  Science 
Establishment,  Inc. 

Gypsum, var..selenite Girgenti ,  Sicily Southwest Scientific Go. 

Hematite,  pencil o re  Egremont,  Cumberland, England Southwest Scientific Co. 

Labrador i te  (for Androtsy, Madagascar Southwest Scientific Co. 
i r rad ia ted  plagioclase) 

Muscovite Effingham Township, Ontario Ward's N a t u r a l  Science 
Establishment , Inc. 

Natroli te Springfield Butte, Ward 's  Natural  Science 
Lane County, Oregon Establishment,  Inc . 

Talc,  foliated New Fane,  Vermont The University of Michigan 
Mineralogic a1 Mus e u m  

Tektite (Indochinite) Thailand Ward 's  Natural Science 
Establishment, Inc. 
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Samples were  then fur ther  reduced down to  1/2-  t o  1 /4 -cm part ic les .  
Careful microscopic (15 x) and (in some cases )  X-ray  diffractometer analysis 
was performed to  a s s u r e  minera l  purity. 
and the muscovite, all minera ls  were crushed to  this  s i ze  in a l a rge  porcelain 
m o r t a r .  
t o  remove the fines.  
of the mine ra l  with abraded porcelain. 
t r ans fe r r ed  to  a la rge  watch g lass  and microscopically examined for  im- 
puri t ies .  All f ragments  showing impurit ies were  discarded.  Table 2-2  
shows the impurit ies associated with the minera ls .  

Except fo r  the Ca-montmorillonite 

A f t e r  crushing, the fragments were  screened in an  8-mesh  sieve 
This was required in o rde r  t o  prevent contamination 

The crushed ma te r i a l  was then 

The preparation of muscovite differed somewhat because its perfect 
cleavage and differential hardness  make it extremely difficult to  c rush .  
Prepara t ion  of the muscovite samples entailed splitting the mica  books, 
examining the sheets under a microscope, and reducing the sheets  to  the 
1 /4 -cm s ize  by cutting with a pair  of s c i s so r s .  

TABLE 2-2  

MINERAL SAMPLES AND ASSOCIATED IMPURITIES 

Mineral  Impurity 

Actinolite 
Anorthoclase 

Antig o r  it e 
Basal t  
Calcite 
Ca- Montmorillonite 
Goethite 
Gypsum 
Hematite 
Labradorite 
Muscovite 
Natrolite 
Talc 
Tektite 

Talc  
Oxidized F e  and a clayey 

Chrysotile 
None 
None 
None 
None 
None 
None 
Rutile 
None 
Analcite and clay 
None 
None 

mater ia l  
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The antigorite and talc supplied by Ward's Natural  Science Establish- 
ment were  compared with the serpentine and foliated ta lc  obtained f r o m  The 
University of Michigan's Mineralogical Museum. An X-ray  diffractometer 
study was made to  determine their  relative purity. 
study of the antigorite proved to  be inconclusive, the univers i ty 's  specimen 
(serpent ine)  was chosen because it appeared to  be a bet ter  sample. 
ation of the two ta lc  specimens showed that the univers i ty 's  sample was of 
higher purity. 

While the diffractometer 

Examin- 

As shown in F igure  2-1, the processing descr ibed above applies t o  
Since all of the minera ls  except the Ca-montmorillonite and muscovite. 

the porcelain ball mill (Figure 2-2)J which was to  be used for  the final 
grinding, was incapable of handling particles of a s i ze  greater than 8-mesh, 
it was necessary  to  reduce the mineral  f ragments  still fur ther  before final 
grinding could be initiated. Because abraded porcelain would pass  through 
an 8 -mesh  sieve along with the mineral  sample,  comminution t o  this s ize  
was accomplished through the use of a small, tool-steel  m o r t a r  and pestle,  
thus precluding contamination. 
clean oxidized F e  f r o m  the crushing sur faces  of the s t ee l  m o r t a r  and pestle. 

A silicon- carbide abras ive  was used to  

Since par t ic les  of a s i ze  less than 8-mesh  have a tendency to  absorb 
water  (this tendency increases  inversely with par t ic le  Size j, all i u r t h e r  
reduction was ca r r i ed  out in a d ry  nitrogen atmosphere within a d ry  box 
(see F igure  2-3). 

Prepa ra to ry  to  final grinding, two minera ls  w e r e  placed in  the dry  
box along with the two porcelain j a r s ,  a supply of porcelain balls, and two 
l a rge  watch glasses .  
the rate of 1 / 2  cu f t /min.  Since the box contains a volume of about 12 cu f t  
the inflow of d r y  nitrogen continued for about an  hour o r  until about 30 cu f t  
of the gas  had displaced the air and moisture in  the box. 

The box w a s  then sealed and d ry  nitrogen bled in a t  

Thereaf te r ,  a 200-gm portion of each sample to  be ground was spread 
out on a watch g l a s s  and continuously agitated for about five minutes. This  
reduced the amount of air and moisture  which had a l ready  been absorbed on 
the par t ic les .  The minera l  f r a g m e n t s  were  then t r ans fe r r ed  to  the porcelain 
j a r s ,  and charges of a 5 0 / 5 0  mixture of 1 /2- in  and 1-in porcelain balls were  
added. 
substance being ground) was never large enough to  pe rmi t  the porcelain balls 
t o  come in contact and abrade one another. 

The s ize  of the charge (generally proportional t o  the density of the 
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Figure 2 - 1  Flow Chart of Mineral  Processing 
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I 
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Quantity 
(g rams)  

Mesh 

100 100 
20 

5 

200 1-5 
1-2 

325 1 

The j a r s  were  then sealed,  removed f r o m  the d r y  box, and attached t o  
the ball mill dr ive assembly,  where they were  rotated at 75 rpm. Generally 
the reduction to  l o o - ,  200-, 325-mesh fractions required 24 hours of grind- 
ing. In the case  of some of the harder minera ls ,  the grinding process  las ted 
48 hours,  interrupted by an occassional sieving of the fines. 

Use 

NASA - MS C 
Index sample for  chemical analysis 
Vacuum sample for  chemical analysis 

Mass- spectrometer  analysis 
DTA and TGA 

) 

X-ray samples  in ambient and vacuum 

Talc and muscovite cannot be properly ground in a ball mill unless an 
extended period of t ime is available. 
in a mica  grinder.  This was done at  ambient a tmosphere,  but subsequent 
sieving was performed in the dry  box, where the presence of the dry  nitrogen 
helped remove some of the water  adsorbed during grinding. 

These minera ls  were  therefore  ground 

After 24 to  48 hours of grinding, a j a r  was removed f r o m  the dr ive 
assembly  and sealed in the d ry  box with a set of Spex plastic sieves. After 
the nitrogen had been allowed to  displace the air and moisture ,  the j a r  was 
opened. The sieves were  then stacked in o rde r  f r o m  top t o  bottom, l o o - ,  
200-, 325-mesh, and a charge of the ground minera l  was added to  the top 
sieve. The s tack of s ieves  was installed on the e lec t r ic  shaking table, and 
the charge was soon reduced to  its various fractions ( see  F igure  2-4), . 
After the sieving operation was completed, portions of the screened par t ic les  
were  weighed on a tors ion balance and poured into j a r s  andvia ls .  
shows how the different fractions will be used in this  study. 

Table 2-3 

TABLE 2-3 

DISTRIBUTION OF MINERAL FRACTIONS BY GRAIN SIZE AND USE 
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I 
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e 
The j a r s  and vials were  removed f r o m  the d r y  box and the spil l  was 

cleared away. 
s c reens  were  replaced with new ones. 
possibility of c ross -sample  contamination. 
d ry  box with the second mineral ,  the box was sealed,  and the sieving and 
weighing operation was repeated. 

The plastic s ieves  were dismantled and cleaned and the nylon 

The s ieves  were  returned to  the 
This procedure helped eliminate the 

In accordance with the contract  specification stated in  Art ic le  I, Scope 
of Work, Section C, Bendix has shipped 100 g r a m s  of each minera l  used in 
the study, with the exception of ammonium feldspar ,  i r rad ia ted  labradorite,  
and calcium montmorillonite. 
NASA-MSC; the labradori te  is still cooling af ter  exposure to  nuclear irra- 
diation; and the ammonium feldspar  is being syntheiszed i n  batches. 

The la t ter  was omitted at the request  of 

2.3 LAB PRODUCTION OF BASALT GLASS 

Included among the 14 minerals  t o  be investigated is basal t  glass ,  which 
can r a r e l y  be found in nature. 
in the laboratory,  using a natural-occurring basal t  rock  of highest purity. 

It was therefore  decided to  produce the g lass  

P repa ra to ry  t o  the actual production of this g lass ,  a prel iminary series 
of triais was made in which 1U-gm samples oi crushed basalt  were  mel ted in  
mullite, platinum, and graphite crucibles. It was found that molten basalt  
reac ted  with the mullite crucible,  and that it was extremely difficult t o  re- 
move the fused basalt  f r o m  the platinum. 
easi ly  stripped f r o m  the basalt  g lass  af ter  fusion. Since the re  was no apparent 
reduction of the i ron  by the graphite, the decision was made to use the graphite 
crucibles.  

Fortunately, the graphite could be 

After crushing 300 g m  of basalt into 1/2- in  f ragments ,  the sample was 
placed i n  a la rge  graphite crucible and heated in a globular furnace at a temp- 
e r a t u r e  of 1275OC. This operation lasted for  30 minutes,  when the crucible 
containing the molten basal t  was removed and air-cooled to room temperature .  
Subsequently, the g lass  was ground in dry  nitrogen atmosphere (as descr ibed 
in the preceding section), except f o r  severa l  pieces  that will be retained for  
fu ture  reference.  

2.4 SYNTHESIS OF AMMONIUM FELDSPAR 

Anorthoclase is being used in  the synthesis of an ammoniated feldspar.  
Because of the l a rge  quantity of ammonium feldspar  needed (135 grams) ,  a 
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somewhat different procedure f r o m  that used by Barker  (Am. -- Min. 49, 851- 
858, 1964) was t r ied  a t  the outset. 
p r e s s u r e  vesse ls  available would be sufficiently nonreactive t o  permi t  syn- 
thesis  direct ly  in the vesse l  without the use of sealed capsules. 
not possible with the small reac tor  used to  determine a suitable s e t  of syn- 
thesis  conditions, but it seemed probable that no capsule o r  l iner  would be 
needed in the la rge  reac tor ,  whose s teel  is l e s s  easi ly  corroded than that of 
the small reactor .  To avoid the expense of gold capsules,  copper tubing 
fused shut a t  both ends was t r ied  with sat isfactory resul ts .  
c rys ta l s  formed within the charge,  but was  easi ly  removed by heavy-liquid 
separat ions . 

It was hoped that the steel walls of the 

This was 

Small  copper 

In terms of preparation t ime,  the s implest  procedure would be to  syn- 
thesize the ammonium feldspar directly f r o m  reagents available in the labora-  
tory, e. g., f reshly precipitated aluminum hydroxide and S i0  glass.  None 
of these attempts,  however, was successful. 

2 

Attempts to  produce exchange reactions failed at first. Because the 
apparatus would not withstand the p re s su res  used by Barker  at the tempera- 
tu re s  he used, the experiments were  done under less ex t reme conditions. 

c lase ,  because l a rge  quantities of synthetic fe ldspar  were  not available. 
Under these changed conditions, the anorthoclase was altered.  
products were  not identified, it seemed logical that  they were  the resu l t  
acid attack. 
neutralized o r  made alkaline. Two runs under alkaline conditions were  suc-  
cessful,  indicating that the exchan e reaction took place at p r e s s u r e s  f r o m  
8000 to 14, 000 ps i  at 48OoC to 490 C.  Work is present ly  under way to  pro-  
duce a l a rge  amount of ammonium feldspar within this range of conditions. 
A tabulation of the experiments performed is given in Table 2-4. 

mt r 3 7 -  I 11e ~ e ~ u o p ~ r  added t" &e LliSrge this t i ~ e  wzs  Z Z ~ ~ ? L ? ? ~ - G C C Z ~ F ~ E ~  a ~ o r t h s -  

Although the 
of 

Accordingly, the initial solutions in subsequent runs were  ei ther  

6 

2.5 REACTOR IRRADIATION OF PLAGIOCLASE 

An irradiated plagioclase is included among the 14 minera ls  to  be 
investigated in this study. 
r ays  may  have on lunar  minerals.  
selected for  exposure to  reac tor  irradiation. 
as descr ibed in Section 2. 2 and the resultant fractions were  sealed in water -  
tight quartz  tubes. 

This is to determine the possible effects cosmic 
A high-grade labradori te  specimen was 

The minera l  was processed 

c 
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The samples were  subsequently i r radiated at the  F o r d  Nuclear Reactor  
at The University of Michigan, a two-me awatt, swimming-pool r e s e a r c h  
reactor .  A total neutron exposure of lo1% neutrons/cm2 (E> 0. 1 MeV) was 
used for  the irradiations.  Past studies have shown that 10l8 neut rons /cm 
or m o r e  a r e  usually required to  produce crystall ine defects which can be 
studied by X-ray diffraction techniques. Also, the maximum fast-neutron 
flux in the F o r d  Nuclear Reactor is about 1013 neut rons /cm2/sec  (E> 0. 1 Mev). 

2 Thus, a higher total  exposure (of 1019 to  lo2’ neutrons/cm ) would requi re  
longer i r radiat ion times and higher costs for  reac tor  rental. 

2 

To est imate  the induced radioactivity, a shor t  neutron exposure (one 
hour) of a small sample of labradorite (64 mg) was made. 
isotope produced was sodium-24, which a r i s e s  f r o m  two reactions: 

The main radio- 

Sodium-24 has a half life of 15 hours;  thus, the Na24 activity had decayed 
away within a week. 
found. 
attr ibuted to  calcium-45. 

No other prominent gamma-emitt ing isotopes were  
A small amount of longer-lived i p  -activity was noted; this was 

Having no previous knowledge of the thermal  expansion propert ies  and 
mois ture  content of labradori te ,  reactor  personnel were  wary  of i r radiat ing 
all the samples  at the same  time. Thus, a tube with a l a r g e r  amount of 
powder was selected for  a 30-hour neutron exposure. At the end of this 
period, careful examination proved t h a t  it would be safe to  i r rad ia te  the 
remaining samples.  
ing at The University of Michigan. 

The la t te r  have been exposed and are presently cool- 

A Guinier,  “Mise en evidence des defauts cr is ta l l ins  pe r  les rayons X, I t  

Radiation Damage in Solids, ed. by D. S. Billington, Proceedings of the 
International School of Physics  (Enrico Fe rmi ) ,  Academic Press, 1962. 

1 
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SECTION 3 

THERMAL INVESTIGATIONS 

t 

Thermal  analyses were  made of the 14 minera ls  and glasses named 
in Section 2 .  1 to determine what s t ructural  and/or  compositional changes 
might occur in  the long-term experiment. Differential thermal  and thermo- 
gravimet r ic  analyses  were  ca r r i ed  out, not only for  those ma te r i a l s  for  which 
major  react ions a r e  expected, but also for  materials expected t o  be inert .  

3.1 DIFFERENTIAL THERMAL ANALYSES (DTA) 

F o r  the DTA run, the sample hole in the furnace block w a s  filled with 
non-diluted minerals. A l l  minera ls  had been ground in d r y  nitrogen to  pass  
200 m e s h  except the muscovite and talc, which were  ground in atmosphere,  
and the calcium montmorillonite, which was used a s  received. The r e f e r -  
e i i ~ e  ir ik ierkl  9 0  per  ceni Ai  0 mixed with 10 per cent qudriz, S O  that 
the "inverted" quartz  peak provides a tempera ture  calibration on each record.  
Room tempera tures  ranged f r o m  2 0  C and the relat ive humidity was 
est imated at about 40 o r  5 0  per  cent. 

2 3  
0 0 to 22  

Since the nature  of DTA curves depends to  a l a rge  degree upon the 
physical details  of instrumentation, and since there  is no generally a g r e e d  
upon procedure for  gathering and reporting the data, the pertinent aspects  
of the instrument  used a r e  descr ibed below. 

T e s t  samples ,  ranging in weight f r o m  50 m g  t o  3 5 0  mg, were  placed 
in  1/4- in .  holes in  a nickel block (Figure 3-1). 
placed in  a similar hole in the same block. 
tween the reference ma te r i a l  and the powdered minera l  was then measured  
by Pt v s  Pt 10 per  cent Rh thermocouples, 2 8  gauge. 
u r e  3 - 2 )  are wound with 77 turns  of Chromel-A, 18 gauge on 2-in. OD McDanel 
A V  3 0  Alumina tubes. 
operated in ambient with no scavenging other than that provided by thermal  
air cur ren ts .  

The re ference  material was 
The tempera ture  difference be- 

The furnaces  (Fig- 

Armstrong bricks insulate the furnaces.  They a r e  
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Tempera ture  signals were  conveyed through a suitable network (F ig-  
u r e  3-3) with a galvanometer recording optically on a d rum of photographic 
paper driven a t  a constant rate. Sensitivities of 100, 30, 10, and 5 yrv/cm 
galvanometer deflection were  available. In each case ,  the galvanometer of 
10-sec period was cr i t ical ly  damped. Furnace  tempera tures  were  measured  
by means of a Chromel-Alumel couple in the nickel block. 
junction was placed in water  in a thermos flask, the water  tempera ture  being 
read  t o  0.1 C by means of a mercu ry  thermometer .  

The cold-reference 

0 

In l ieu of a conventional program controller,  the furnace tempera ture  
was increased at about 13 C/minute,  ranging f r o m  a tempera ture  of about 
100°C t o  about 1000°C. Near l inear  heating was achieved by a synchronous 
motor  -driven variable autotransformer which l inearly increased  the voltage 
f r o m  about 65 volts t o  about 130 volts in  88 minutes. 
a r rangement  was a very  near ly  linear tempera ture  increase  as a function of 
time. 

0 

The net effect of the 

Furnace  tempera ture  calibration was accomplished essentially as des  - 

10 pe r  cent 8uartz,  by weight, which explains why a 
cr ibed by F a u s t  (Am. Min., 1948, V. 33, pp. 337-345). The reference sample 
was 90 per  cent A120 
tnmrrar-+..-c. n3i:~..Q+:-e -n:-t -+  ~ 7 2  c : r ~  ; - - i . - ~ ~ a  n3-h ~ T A  c.lvcIo 

-- 
&" A l * r . . u u " u  W * &  "-+-A - .. - -  " U I  " "1 

3' 
Y I A I A ~ ~ A U * U I  u L - A A V A U C I V I I  y v - * A u  - C  4 8 a 

Since the recorded temperature  was measured  in  the nickel block, but 
calibration was within the reference mater ia l ,  the actual sample tempera ture  
during react ion may  be obtained by adding the appropriate AT to  the recorded 
T. In pract ice ,  reaction temperatures  a r e  reported at peak values, cor rec ted  
f o r  nonlinearity of couple response,  but not corrected for  sample temperature .  
The precis ion of the data is f 5OC or better. 

3.2 THERMOGRAVIMETRIC ANALYSIS (TGA) 

Mineral  samples ,  in about the same  amounts a s  used in  the DTA runs,  
were  suspended in a ver t ical  furnace s imi la r  t o  the DTA furnaces.  
Alumel thermocouple was placed about 5 mm below the platinum bucket which 
contained the sample. 
the s a m e  as for  the DTA. 

A Chromel-  

The heating rate and the tempera ture  recording were  

Weight recording was accomplished through the same galvanometer that  
was used f o r  the DTA recording. 
used is based upon a knife edge analytical balance. 
design with magnetic damping. A m i r r o r  controls the position of a light beam 
which i l luminates a cadmium sulfide cel l  in a bridge circui t  supplied by a pair 
of m e r c u r y  cells.  

The thermogravimetr ic  balance (Figure 3-4) 
It is of deflecting-beam 
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Figure 3 - 4  Recording Balance and Furnace for TGA 
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The light source,  a 6-v lamp operated at about 230 ma, was powered 
by an automobile s torage bat tery which is charged through a sil icon diode, 
res i s tance  lamps,  and a small variable autotransformer.  Photocell  monitor-  
ing of the blocked balance beam showed the light output t o  be free of long- and 
shor t  - t e r m  drift.  

During heating, a dr i f t  of about 1.65 mg apparent weight l o s s  during a 
normal  run  was obtained, a consequence of air cu r ren t s  in  the ver t ica l  system. 
Prec is ion  of f 1 mg  weight change was attained with a sample load of 100 mg. 

Initial t empera ture  calibration w a s  done by temporar i ly  placing a DTA 
The r e su l t s  were  checked against  the couple in quartz  in the sample bucket. 

well-known calcium oxalate monohydrate pyrolysis curve. 
es t imated at f 10 C or  better. 

Prec is ion  is 
0 

3.3 TEST RESULTS 

The tempera ture  differences corresponding to  1 c m  DTA galvanometer 
deflection for  the sensit ivit ies used may be obtained f rom the calibration curve 

Scale (pv/cm)  

100 

30 

10 

5 

the following peak heights are 

Height ( c m )  

0.1 

0.3 

1.0 

2.0 

Correlat ion between TGA and DTA curves obtained fo r  the 14 minera ls  
are given below. 

ACTINOLITE: (F igure  3-6) 

Sensitivity: 10  p v / c m  

Peak  values: 610 ( - )  Perhaps  chlorite 
865 (t) 
1035 ( - )  Reported values f r o m  1002 to  1160 
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Figure 3 - 5  Calibration for Measurement of AT Pt vs Pt 10% R H  
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Test: DTA 
Mineral: Actinolite 
Weight: 250 mg 
Sensitivity: 10 )I v /cm / 

10 20 30 40 50 60 70 80 
Time (Minutes) 

Test: T GA 
Mineral: Actinolite 

O r  Weight. 311 - g  

I 

0 4 Time (Minutes) 

Figure 3-6  Actinolite DTA and TGA 
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Analysis: The TGA confirms the OH loss at 1035, although the react ion 
was not completed on the record.  Not found is 780 - 890 (-), 
which has been observed by many investigators. 

ANORTHOCLASE: (Figure 3-7) 

Sensitivity: 5 )rv/cm 

Analysis: The DTA and TGA curves show no significant change to  105OOC. 

ANTIGORITE: (Figure 3-8) 

Sensitivity: 10 p v / c m  

)Loss of OH 
Peak  values: 670 ( - )  first shoulder 

710 ( - )  major  peak 
822 (t) sha rp  exothermic peak. Phase  transit ion.  

Analysis: The la t te r  peak does not appear  on antigorite f r o m  the 
Antigore Valley, Italy. 
iisned serpentine,  chryswiile, s l id ZiitigGrita C ~ ~ T V C E .  The 
TGA shows a 4.4-mg los s  to  5OO0C, then a lo s s  of 32.5 
during the major  endothermic reaction. 
14.7 pe r  cent o r  13.3 p e r  cent of OH only. 
OH loss, f r o m  the ideal formula,  is  12.9 per  cent, an 
excellent agreement. 

The curve r e sembles  many pub- 

Total  weight loss ,  
The calculated 

BASALT GLASS: (F igure  3-91 

Sensitivity: 5 p v / c m  

Peak  values: 640 (+) broad 
738 (t) 
853 (+) fa i r ly  sha rp  
977 (+) 
1055 ( - )  

Analysis: Upon cooling, these peaks a r e  absent. The init ial  upward 
swing of the cooling DTA curve is instrumental .  
heating showed no such peaks. 

A second 
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Test: DTA 
Mineral: Ano rthoclase 
Weight: 255 mg 
Sensitivity: 5 p v/cm / 

Test: TGA 
Mineral: Anorthoclase 
Weight: 238.5 mg 

~~~~~~~~~~~~~~l 
0 10 20 30 40 50 60  70 80 

Time (Minutes) 

0 10 20 30 40 50 60 7 0  80  
Time (Minutes) 

Figure 3 - 7  Anorthoclase DTA and TGA 
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Test :  DTA 18220 c 

Sensitivity: 10 pv /cm // / 
i Mineral:  Antigorite 

Weight: 250 m g  

0 10 20 30 40 50 60 70 80 
Time (Minutes)  

Test :  TGA 
Mineral :  Antigorite 
Weight: 245 m g  

0 10 20 30 40 50 60 70 80 
Time (Minutes)  

F igure 3-8 Antigorite DTA and TGA 
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0 
The TGA reco rd  showed a 3-mg weight gain f r o m  600 C to  
105OOC. Such a gain amounts to 1. 3 per cent by weight. In 
view of the unexpected behavior of the basal t  g lass ,  all the 
curves were  duplicated with identical resul ts .  

It may be that the glass (melted at 130OoC in a graphite c ruc i -  
ble for  30 minutes and air cooled) may contain elemental  i ron  
reduced by the graphite. The weight gain would be accounted 
for  by 9. 3 m g  of i ron oxidizing to  F e  0 Whether the g l a s s  
contains the 3 per  cent uncombined i ron  is not known. 

2 3: 

Perhaps  the crystall i tes are responsible for some of the DTA 
peaks. Optical and X-ray study is needed to  resolve the problem.. 

CALCITE: (Figure 3- 10) 

Sensitivity: 3 0  )rv/cm 

0 
Analysis: Single strong endothermic peak at 9 3 8  C, near ly  an  ideal  

z e r o  o rde r  reaction. 
cent l o s s  of CO,. 

The TGA weight l o s s  yields 44. 3 pe r  
Theoretical  loss ,  44. 0 per  cent. 

L. 

CALCIUM MONTMORILLONITE: (Figure 3 -  11) 

Sensitivity: 1 o pv /  c m  

Peak values: 141 
Inte r layer  water 

531 ( - )  Perhaps  admixed illite 
691 ( - )  Main OH loss  
9 11 ( - )  Complete breakdown of s t ruc ture  
Above 1010 (t) Mullite, spinel, or gamma alumina. 

Analysis: The double inter layer  water peak is typical of Ca-montmorillonite. 
The TGA shows a weight l o s s  of 10. 3 pe r  cent inter layer  water ,  
followed by a gradual fur ther  loss  of 2. 2 per  cent, then a lo s s  
of 3 pe r  cent OH a t  the 691 peak. 
is recorded. 

No fur ther  weight change 

GOETHITE: (Figure 3 -  12) 

Sensitivity: 1 o pv/  c m  



I 

1 
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Test: DTA 
Mineral: Calcite 
Weight: 200 m g  
Sensitivity: 30 p v / c m  

V938O C 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

. .  
Test: T GA Test: T GA 
Mineral: Calcite 
Weight: 9 5  m g  

. .  

0 10 20 30 40 50 60 7 0  80  
Time (Minutes) 

Figure 3-10 Calcite DTA and TGA 
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c - 1  

-3  
-4  
- 5  

Tes t :  DTA 
Mineral :  Calcium Montmoril lonite 
Weight: 127.5 mg  
Sensit ivity:  10 p v / c m  

45 / 

v 911OC 

0 10 20 30 40 50 60 70 80 
Time  (Minutes) 

T e s t :  T GA 
Mineral :  Calcium Montmoril lonite 
Weight: 135 m g  

0 10 20 30 40 50 60 70 80 
T ime  (Minutes) 

Figure 3-11 Calcium Montmorillonite DTA and TGA 
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Test: DTA 
Mineral: Goethite 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

10 

- 2 

$ 

: 2 0 -  s 

30 

40' 

O r  

- 

- 

Test: T GA 

Weight: 250 mg 
Sensitivity: 

..* ....- 1 .  P^-*L:c . .  
A V I I U C  A UVGUIICI 

1 1 1 1 1  

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

Figure 3 -12  Goethite DTA and TGA 
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Reakvalues: 377 ( - )  Loss of H 2 0  
960 ( - )  Small, some impurity, perhaps calcite. 

TGA weight l o s s  of 10.0 per  cent, calculated 10. 1 per  cent. Analysis: 

GYPSUM: (Figure 3-13) 

Sensitivity: 10 p v / c m  

Peak values: 168 ( - )  Loss of water  of crystall ization t o  hemihydrate 
203 (-) Loss of hemihydrate water  
375 (+) Recrystallization of anhydrite “soluble“ to  “insoluble” 

anhydrite 

Analysis: The TGA shows a 19.8 per cent water  l o s s  during the first 
two endothermic peaks. The theoretical  loss is 20.9 per  cent. 

HEMATITE: (Figure 3-14) 

Sensitivity: 1 o pv / c m  

m. - - A  Anaiysis: I ne u I A curve show a general arirluihi  iiiic; di-iit. TuTiikiifiwii 
0 

minor impurit ies produce a minor  exothermic peak at 350 C 
and an endothermic break at 685 C. 
The TGA shows no significant weight loss .  
cent weight l o s s  is attributed to  adsorbed water. 

0 

Less than 1 per  

LABRADORITE: (Figure 3 - 15) 

Sensitivity: 5 pvl  c m  

Analysis: The DTA and TGA curves show no significant change to  105OOC. 

MUSCOVITE: (Figure 3- 16) 

Sensitivity: 1 o pv/  c m  

Analysis: The DTA curve shows no reaction f r o m  room tempera ture  to  
106OOC. Similar behavior was noted f o r  a Goshen, Mass. ,  
muscovite which had been d r y  ground fo r  two hours (Mackenzie 
and Milne, 1953, “Effect of Grinding on Muscovite, ’ I  Min. 
Mag., 30, 178-185). The TGA shows a ve ry  gradual weight 

- 

3- 18 



Test: DTA 
Mineral: Gypsum 
Weight: 200 mg 
Sensitivity: 10 pv/cm 

* 2  375O c 
A T  vs Time Y 0 1  

I 

/ 

10 20 30 40 50 60 70 80 
Time (Minutes) 

Test: T GA 
iviina r d .  Gyps uii 

Weight: 130 mg 
O r  Sensitivity: 

10 

- s 

: 
m 
m 3 20 

30 

40 

Figure 3 - 1 3  Gypsum DTA and TGA 
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Tes t :  DTA 
Mineral :  Hemati te  
Weight: 350 m g  
Sensitivity: 10 p v i c m  

u" - 2  
-3 
-4 
-5 

I A U ~ t ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~  
0 10 20 30 40 50 60 7 0  80 

T i m e  (Minutes)  

Tes t :  TGA 
Mineral :  Hemati te  
Weight: 327. 5 mg 

0 10 20 30 40 50 60 7 0  80 
Time (Minutes)  

F igure 3-14 Hematite DTA and TGA 
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Tes t :  DTA 
Mineral:  Labradori te  
Weight: 250 m g  
Sensit ivity:  5 p v / c m  

0 : 
Time (Minutes) 

T e s t :  T GA 
Mineral :  Labrador i t e  
Weight: 200 m g  
Sensitivity: 

lLull 1 1 1  1 1  W I I I I I  I I I l l  l l l l ~  

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

F igure 3-15 Labradorite DTA and TGA 
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0 10 20 30 40 50 60 70 80 
T i m e  (Minutes) 

Tes t :  T GA 
Mineral :  Muscovite 
Weight: 132 mg 

"i 20 . 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

Figure 3-16 Muscovite DTA and TGA 
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0 
loss ,  beginning at about 400 G ,  and amounting t o  a total  of 
3 pe r  cent weight loss. 
l o s s  of s t ruc tura l  OH is doubtful in this  case. 

Whether the weight l o s s  is due t o  

NATROLITE: (Figure 3- 17)  

Sensitivity: 10 p v / c m  

Analysis: Gradual endothermic reaction, with two shallow peaks, 
culminating in a major sha rp  endothermic peak at 400, 
followed by minor endothermic peaks at 435 and 525. 
Heating was stopped at 720 

The TGA curve follows the DTA very  clogely to  40OoC. 
Some weight l o s s  continues near ly  to  720 C. 

The total  weight loss  is 11. 25 per  cent. 
9.5 per  cent. 

0 t o  avoid melting the sample. 

The ideal l o s s  is 

TALC: (Figure 3-18) 

Sensitivity: 1 O p v i c m  

Peak values: 835 (t) very  small, probably t remoli te  
925 ( - )  OH l o s s  

Analysis: TGA shows a 5. 3 per  cent weight loss ,  in excellent agreement  
with the theoret ical  4.8 per  cent loss.  

TEKTITE: (F igure  3-  19) 

Sensitivity: 5 p v / c m  

Analysis: The DTA curve shows only a small endothermic drift. 
TGA shows no change to  105OOC. 

The 
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T e s t :  DTA 
Mineral:  Natrolite 
Weight: 245 mg  
Sensitivity: 10 p v / c m  

- .  

IIIIII 
0 10 20 30 40 50 60 70 80 

T ime  (Minutes) 

10 - 
- 
v z 
rn 
rn 2 0 -  s 
5 

30 - 

40 - 

IIIIIIIIII I I I I l l  I I U  
0 10 20 30 40 50 60 70 80 

Time (Minutes) 

Figure 3-17 Natrolite DTA and TGA 

3-24  



I 

Test: DTA 
Mineral: Talc 
Weight: 65 m g  
Sensitivity: 10 p v l c m  

A T  vs Time 
I 

I 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

Test: T GA 
Mineral: Talc 
Weight: 85 m g  
sensitivity: 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

Figure 3-18  Talc DTA and TGA 
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Test: DTA 
Mineral: Tektite 
Weight: 220 m g  
Sensitivity: 5 kv/cm 

A T  vs Time 

- 3  
-4 
-5 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

Test: TGA 
Mineral: Tektite 
Weight: 212 mg 
Sensitivity: / 
Test: TGA 
Mineral: Tektite 
Weight: 212 mg 
Sensitivity: 

0 10 20 30 40 50 60 70 80 
Time (Minutes) 

Figure 3-  19 Tektite DTA and TGA 
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SECTION 4 

MASS-SPECTROMETER INVESTIGATION 

The objectives of the mass-spec t rometer  analyses a r e  (1)  t o  determine 
the stabil i ty charac te r i s t ics  of the 14 minerals  and g l a s ses  used in this study 
under the ex t remes  of high temperature  and low p res su re ;  and (2) t o  identify 
the constituents being volatilized. In addition to  revealing minera l  behavior 
under dynamic conditions, in contrast  to their  calculated stabil i ty under 
equilibrium conditions, this  investigation will supply the indices fo r  the long - 
t e r m  experiment. To  date, s ix  minerals ,  viz., basalt  g l a s s ,  calcite,  goethite, 
gypsum, hematite,  and tektite, have been analyzed in the Bendix Time-of- 
Flight (TOF)  Mass  Spectrometer  (Figure 4- 1). 

4.1 BENDIX TOF MASS SPECTROMETER 

The Bendix TOF Mass Spectrometer consis ts  of four basic elements:  
(1) an  ion source  to  produce ions of the molecular species  entering the ioniza- 
tion region; ( 2 )  a grid sys tem that draws the ions f rom the ion source  and 
acce le ra t e s  the ions down the drift  tube; ( 3 )  a drif t  tube for  confining the ion 
"packet'l and supplying the distance required to  separa te  ions according to  
m a s s / c h a r g e  rat io;  and (4) an ion detector to  collect the ions and measu re  
their  intensity. 

The minera l  t o  be analyzed is heated in a quartz  crucible  that  rests in 
the coi ls  of a tungsten filament. The center of the crucible is sealed,  fo rm-  
ing a lower section, where a Chromel-Alumel thermocouple is inser ted,  and 
an upper section, which contains the mineral  sample. A s  the tempera ture  
rises, vapors  a r e  generated directly in the source  region and r i s e  into the 
path of a n  electron beam, which impinges normal  to  and a c r o s s  the top of 
the crucible.  
second, ionizes the molecules. 
is pulsed by a fixed potential of 2700 v t o  e ject  the result ing ion bunch into the 

The electron beam, which usually lasts a fraction of a micro-  
After this  beam is turned off, the gr id  sys tem 

I 
I accelerat ing region. 

It has  been established that the time of flight for  an  ion is a function of 
its m a s s  anc charge.  If the electron beam is energetic enough to  singly ionize 
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a molecule, the t ime of flight is reduced to  a function of mass. That is, the 
time of f l i  ht is a function of the square root  of twice the atomic weight: 
T = K P- 2M. If, however, the ion is multiply charged, the time of flight is 

expressed  as T = K -  

constant depending upon physical dimensions. 

, where n represents  the charge. K is a 4 - x -  
n 

As a consequence, the ions reach the collector cathode at the end of 
the dr i f t  tube in ion groups of the same mass .  
s t r i kes  the collector cathode, a re lease of secondary electrons occurs.  
These bunches of secondary electrons a r e  amplified by means  of an electron 
multiplier. 
input of an oscilloscope in  the c o r r e c t  mass-time sequence, result ing in a 
scope spec t rum with the mass peaks of the l ighter ions on the left and the 
peaks of the heavier ones on the right. The oscilloscope functions only as 
an  aid in  locating par t icular  mass peaks. Quantitative measurements  are 
achieved through the use of a n  analog system, which permi ts  the recording 
of mass spec t ra  o r  mass ratios.  
variable gate pulse, and scan r a t e  control circuitry.  
the operator  t o  monitor one mass peak o r  scan the ent i re  spec t rum at variable 
time rates. 

As each of the ion groups 

The amplified voltage pulse is then delivered to  the ver t ical  

The analog consists of e lec t rometer ,  
This sys tem allows 

4. 2 TEST PROCEDURE 

The procedure followed in analyzing the minera l  samples  is described 
below. 

1. A new crucible was emplaced in the coils of the heating fi lament 
assembly mounted on the end of the probe. (Probe is not visible 
in F igure  4-1). The probe was then inser ted  in the fore  vacuum 
chamber,  and prel iminary pumpdown was begun. 
the forechamber to  dr i f t  tube p res su re  (below 1 x 10 
ball valve separating the forechamber f r o m  the drift  tube was opened 
and the probe was pushed into the source  region. 

Aft r evacuating - %  to r r ) ,  the 

2. The fi lament power was turned on, and the crucible baked out at 
500 C for  ten minutes. 
any volatiles contained in  the crucible o r  adsorbed on the probe 
head. 

0 This was necessary  in o rde r  to  drive off 
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3. After bakeout, the probe was withdrawn f r o m  the mass spec t rometer ,  
and the crucible was removed and weighed on a Cahan Microbalance. 
A sample of the minera l  ( less  than 200 mesh)  was carefully de-  
posited in the crucible,  and both the crucible and sample were  
weighed. 
It should be noted that sample weights ranged f r o m  200 to  1 2 0 0 ~  - 
grams .  

By taring, the sample weight was accurately established. 

4. With the crucible re turned to  the probe and the probe re - inser ted  
into the source  region, the mass  spectrometer  was reactivated,  
and the analog sys tem was adjusted to  monitor mass peak 18 (water).  
Pumping continued until the 18-peak returned to  a stable level. 
This indicated that, in general, the moisture accompanying the 
probe insertion had been pumped out of the drift  tube and source  
region. 

5. After the water  level had stabilized, liquid nitrogen was added to  
the cold t rap .  The gear  drive was then connected t o  the rheostat  
controlling the fi lament current ,  and the filament power was turned 
on. 
rate of six degrees  pe r  minute. As a resul t ,  the average run  f r o m  
ambient tempera ture  (27OC) to  1000 C lasted approximately th ree  
hours.  The pertinent portion of the spectrum was scanned at in te r -  
vals of 15 C; tempera tures  were  recorded manually by reading the 
output f r o m  the potentiometer, converting the reading to  degrees  
centigrade, and noting it on the s t r i p  chart .  

The gearing of the rheostat  increased the tempera ture  at a 

0 

0 

6 .  Upon completing a run, the crucible was again weighed to  determine 
the weight l o s s  of the sample, and the chart  was examined for  in-  
c r e a s e s  in  cer ta in  mass peaks o r  the appearance of new peaks. If 
the latter occurred,  composition of the substance was identified 
and another run was made on the same mineral .  However, in this  
run, the scanner was locked on the desired peak. The course  of 
the reaction was followed throughout the tempera ture  r i s e .  This 
procedure yields two pieces of information, namely, the tempera-  
t u re  at which vaporization takes place and a means  of measuring 
the area under a peak height-vs-time curve. 
portional t o  the amount of gas given off by the sample.  

The latter is pro-  
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4. 3 TEST RESULTS 

Six of the 14 minera ls  have been analyzed. Three  of these (basal t  g lass ,  
tektite, and hematite) showed no detectable lo s s  of volatile constituents, other 
than adsorbed water .  The other th ree  (calcite,  goethite, and gypsum) evi-  
denced a considerable degree of decomposition and loss  of volatiles. 

-6  
The calcite,  while being subject to a total  p r e s s u r e  of l e s s  than I x 10 

t o r r ,  o r  a P of approximately t o r r ,  decomposed at a tempera ture  of 
323OC f 5 C to  produce CaO and C 0 2  ( s e e  F igure  4 - 2 ) .  
beam, which ionized the COz, possessed sufficient energy to  break some of 
the molecular  bonds of the CO and produce C, 0, and CO (F igures  4 - 3 ,  4-4, 
and 4 - 5 ) .  

0 c 0 2  
The electron 

2 
t 

T e gypsum, while being subject t o  a total p r e s s u r e  of less than 

2 
6 1 x 10- t o r r ,  o r  a PH 0 of approximately 3 x t o r r ,  partially decom- 

posed to  the hemihydrate at a temperature  less than 27OC. 
to  determine the exact temperature ,  because the crucible could not be sub- 
jected to  a tempera ture  lower than ambient. 
calcium sulfate began at a temperature  of 52OC (F igure  4 - 6  and 4 - 7 ) .  
inflection points in the first two curves of F igure  4 - 7  correspond to  the 

It was impossible 

Decomposition to  anhydrous 
The 

~ 

decomposition of the hemihydrate to  the anhydrous form.  

The goethite began to  decompose t o  H 2 0  and F e 2 0  (hematite) at a 
0 t empera ture  of 4 4 O  f 5 C under a total p r e s s u r e  of l e s s  jhan 1 x 

or  a P t o r r  (F igures  4 - 8  and 4 - 9 ) .  
t o r r  

of approximately 3 x 
I H2° 
1 

The tektite, basal t  glass ,  and hematite, as predicted,  showed no lo s s  
of volati les other than adsorbed water.  
function of tempera ture  is shown in  Figures  4- 10, 4-  1 1 ,  and 4-  12. 

The los s  of adsorbed water  as a 

The test resu l t s  are summarized i n  Table 4-1. 
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TABLE 4- 1 

MASS-SPECTROMETER ANALYSIS O F  SIX MINERAL SAMPLES 

Mine r a1 
~ 

Calcite 

Gypsum 

Goethite 

Tektite 

Basalt 
Glass  

Hematit 

Composition 

CaC03 

C a s 0 4  2H2C 

FeO(0H) 

- - - _  

- - - -  

Fe203 

Reaction 

C a C 0 3 - - - C a O t C 0  2 

2 c 0 2 - -  -co t c t 3 0  

2(CaSO * 2H20)--- 

(CaS04); H20t3 H2 

(CaSO ) . H  0 - - -  
4 2  2 

2CaS04 t H 0 
2 

4 

FeO( OH)- - F e z 0 3 f ~ 0  

None 

P r e s s u r e  
( t o r r )  

T I x ~ O - ~  

pco2 

T <  I x ~ O - ~ ]  

pJ320. 3x10- 

PH 03x10 -7 

I 

T< I x ~ O - ~  

2 

- - - - - - - - -  

- - - - - - - - -  

- - - - - - - -  

Tempera .  
t u re  (OC) 

323 5 

323 * 5 

< 27 

5 2*5 

44*5 

. - - - -  

. - - - -  

I - - - -  

P roduct  

c02 

c, co, 0 

H2° 

H2° 

H2° 

4dsorbeh 

H2° 

H2° 

Adsorbed 

Adsorbed 

H2° 

4-17 



SECTION 5 

CHEMICAL INVESTIGATION 

The purpose of the chemical analyses is twofold. F i r s t ,  it is necessary  

Second, it will compare their composition before and af ter  the long- 
for  the accurate  identification and description of the 14 t e s t  minera ls  and 
g lasses .  
t e r m  experiment to  determine whether any volatile constituents have escaped 
while exposed to  the simulated lunar environment. 

To  per form an analysis of 7-10 elements,  minera l  samples  of the o rde r  
of 15 to 30 gm a r e  required.  This amount of ma te r i a l  would be available for  
the "before" analysis.  
minera ls  in  the Bendix ultrahig vacuum chamber would make it doubtful that  
the prescr ibed p res su re  of 10- t o r r  could be attained. It was therefore  
decided that only 5 gm of each mineral  sample will be placed inside the vacuum 
chamber for  the post-experiment chemical analysis and that upon removal  

F u r t h e r -  

But the installing of such la rge  amounts of powdered 
1 fa 

I from the chamber only the volatile components will be analyzed. 
I more ,  fo r  g rea t e r  measurement  precision, it was decided that both "before" 

I long-term experiment.  
and "after" minera l  samples  will be analyzed af ter  the conclusion of the 

, 
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SECTION 6 

FABRICATION OF LONG-TERM TEST APPARATUS 

The p r imary  objective of this  investigation is t o  determine the chemical 
and/or s t ruc tura l  changes that occur when the 14 t e s t  minera ls  and g lasses  
are exposed to  tempera ture  and vacuum conditions simulating those of the 
lunar environment. To simulate the lunar environment as specified in  the 
contract  (Exhibit A,  Statement of Work, Section 3.  0 Environments), Bendix 
is modifying one of its ul t ra-hi  h vacuum sys tems (F igure  6-1), which has 
an ultimate p re s su re  of 5 x 10-51 t o r r .  

6. 1 ULTRA-HIGH VACUUM SYSTEM 

A 50-l i ter l  second ion pump coupled to  a titanium sublimation pump of 
500 l i t e r / s e c  make up the hear t  of the vacuum system. 
zeolite t r a p  is connected to  the mechanical pump. 
a r e  copper -gasketed in the 
cluding the diffraction camera ,  is enclosed by a bakeout oven which can be 
ra i sed  and lowered. The sys tem has been assembled;  so  far,  a vacuum in 
the 10-l' t o r r  range has been achieved. 
ref inements  a r e  now being worked out. 

F o r  roughing, a 
A l l  flanges and connections 

The main system, in- "Conflat" configuration. 

Leak detection and fur ther  system 

P r e s s u r e  is proportional t o  ion-pump cur ren t  and is read  f r o m  a cur ren t  
meter installed on the panel t o  read  the pump cur ren t .  
type ionization gage (by Redhead was installed in the c r o s s  section. 
detect  p r e s s u r e s  to  the 1 x 10-1 t o r r  region. 

In addition, a magnetron- 
This can 4 

Fur the rmore ,  a double-wall shield has been designed, fabricated,  and 
This shield will enable hot or  cold fluids (liquid nitrogen, for  leak-checked. 

example) t o  be circulated around the specimen enclosure.  
will  be welded in place a f te r  the major sys tem checkout is completed. 

The entry tubes 

6 . 2  X-RAY CAMERA 

The camera  technique that will be used in the long-term experiment is 
patterned a f t e r  the Hull-Debye-Scherrer method. Problems created by the 
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Figure 6 -  1 Bendix Ultra-High-Vacuum System 
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vacuum enclosure require  that the camera  have seve ra l  special  features .  
F i r s t ,  the c a m e r a  consists of a vacuum cylinder with X-ray  admission and 
exit  windows of beryll ium metal  (Figure 6-2).  
be wrapped around the beryllium window, together with an intensifying sc reen  
and lead casse t te .  
"change bag. I '  This is a light-tight fabric enclosure with tailored s leeves 
which allows an operator to  manipulate and load the c a m e r a  in a lighted room. 
The outside diameter  of the beryll ium window is 3.407 in. 
fraction pat tern will be captured on each side of the X-ray  exit in order  t o  
obtain a z e r o  reference.  The diameter of the camera  and the distance be- 
tween the same  diffraction l ines define 8 in  the Bragg equation, 

The spectrographic film will 

Second, the ent i re  cylinder is enclosed in a photographic 

The powder dif- 

diffraction line spacing 
nh = 2d s in  8, where d radians = 2 camera  radius 

TheX- ray  beam is in the f o r m  of a rectangle, the sma l l e r  dimension 
measuring about 0. 7 mm. 
window of about 0. 7 mm diameter .  
vacuum seal ,  the beam enters  a stepped s ta inless  s tee l  tube, culminating 
in an exit  hole of proportionate s ize .  The exit is capped by a fluorescent 
s c reen  for  alignment purposes while the sample is positioned at the geomet- 
r i ca l  cen ter  between the X-ray por t s .  Additional shielding against  scat tered 
radiation can be provided by inserting lead t ips.  
any other  shielding will be determined l a t e r .  
ment  to minimize the g a s  load presented t o  the vacuum pumps is the main 
consideration for  applying lead coatings on the chamber walls.  

The beam will enter  the camera through a lead 
After passing through the beryll ium 

The necessi ty  for  this o r  
In this connection, the requi re -  

A cr i t ica l  requirement  for  achieving good diffraction pat terns  is the 
The alignment of alignment of the X-ray beam to the axis of the camera .  

the sys t em is accomplished in severa l  steps:  ( 1 )  the vacuum sys tem is first 
rough-leveled with the X-ray machine table (F igure  6-3)  by means of levelling 
sc rews  installed in the sys tem legs ;  ( 2 )  a fluorescent window is then fitted 
to  the X-ray  exit port; ( 3 )  by means  of fur ther  fine-threaded sc rew adjust-  
ments ,  the X-ray  fixture is orought into exact alignment with the beam, the 
f luorescent  spot being observed to  determine that the beam penetrates through 
the center  of the fixture (see Figure  6-4).  

It can be shown that the metal  beryllium is by far the most  X-ray t r ans -  
parent  s t ruc tura l  mater ia l .  F o r  example, the mass absorption coefficient 
of Be f o r  copper K alpha radiation i s  1. 35 compared to  40. 6 for magnesium, 
48. 7 f o r  aluminum, 40. 2 for  nickel, 204 for  titanium, and 324 for  iron. 
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Figure 6 - 3  Norelco X-Ray Diffractometer 
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Since it is ve ry  important to  prevent absorption of the diffraction l ines,  
beryll ium was selected for  the window mater ia l .  However, beryll ium is 
one of the most  difficult mater ia l s  to  work with. It cannot be welded to  any 
material other than i tself ,  but it can be s i lver-brazed to  s ta inless  s tee l  by 
means of a carefully controlled process  of cleaning, preplating, and use of 
a vacuum furnace brazing fixture. This was the method chosen. The first 
vendor who undertook this work failed to produce a b raze  with vacuum integ- 
ri ty,  probably because the shop had no sophisticated leak-detection equipment. 
The work is now in progress  at the Brush Beryll ium Labora tor ies  inCleveland. 

6 . 3  X-RAY SAMPLE HOLDER 

To determine the compositional and/or crystall ine changes of the 
14 minera ls  that  occur during the long-term experiment,  it is necessary  
that each sample be positioned at regular intervals in  front of the X-ray  
window to  permi t  the making of X-ray  diffraction pat terns .  
has  a l ready  been designed and fabricated (F igure  6-5). 
rod, a thermocouple, and in se r t s  for  the 14 minera l  samples .  

A sample holder 
It consis ts  of a heated 

The holder is connected to  a bellows assembly and alignment fixture. 
The bellows t r ave l  is aligned by four knurled screws  operated in pa i r s  and 
in  the s a m e  manner  as a surveying instrument.  The axial  re fe rence  will be 
observed through the end port  of the c ross -chamber ,  while the t r ansve r se  
alignment is accomplished through two small ports  i n  the plane of the X-ray 
pat tern and at right angles to  each other. The specimens will be advanced 
by a mic romete r  sc rew p rese t  for  each position, since the re  is no way to 
view the samples  in the X-ray  camera .  

Another sample holder in the cross-chamber,  now in the design stage,  
will be used f o r  storing samples  f o r  chemical analysis.  Due to  the la rge  
quantity of powdered samples  (100 gm), the resultant outgassing would be 
sufficient t o  cause considerable gas  load on the pumps. F o r  instance, i f  a 
sample gives off a g a s  load of 0. 5 l i t e r s / s e c  at 
load of 5 l i t e r s / s e c  at 1 x t o r r ,  50 l i t e r s / s e c  at 1 x 10 t o r r ,  and so on. 
Highest vacuum is attained when the gas load is a t  the limit of the pumping 
capacity. 

t o r r ,  it ives  off a gas  -8 

6.4  SYSTEM ANALYSES 

Bake-out of high-vacuum ware  w i l l  not make a higher vacuum possible, 
High-temperature bakeout but it will  substantially shorten pump-down time. 
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will be performed pr ior  t o  loading the samples.  After the samples  have 
been installed in the X-ray camera ,  they will be cooled with re f r igerant  
in the shroud while the r e s t  of the vacuum sys tem will be heated. (It is 
evident that  the chamber cannot be heated without heating the samples  un- 
l e s s  some cooling is provided. ) Thus, pump-down time will be optimized 
without overheating the samples.  
since neither the sample holder nor the cold wall will be baked. ) 

(However, it will not be at minimum, 

As the tempera ture  is increased,  the diffraction pat terns  will  degrade 
because (1)  evaporated mater ia l  will condense on the walls, diffusing the 
picture;  and (2 )  as the melting point is approached, the diffraction effect 
will disappear (kinetic theory). 
rise with tempera ture  (due to  the tendency of samples  to  vaporize) while 
the pumping speed remains  the same. Conversely, the p r e s s u r e  will  drop 
when the cold wall is filled with liquid nitrogen. This p re s su re  and temp- 
e ra tu re  cycle will a c t  t o  limit the achievable long-term vacuum, although 
the operation of the titanium sublimation pump will partially compensate 
for  this .  

Fur ther ,  the p re s su re  in the sys tem will 

I 
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SECTION 7 

PLANNED RESEARCH FOR THE SECOND QUARTER 

The work to  be ca r r i ed  out i n  the next quar te r  will follow closely that 
The task  outline for the outlined in Bendix's Technical Proposal,  BSD 965. 

second quar te r  is as follows: 

1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

9 .  

10. 

Complete the preparation of ammonium feldspar  and i r radiated 
plagioclase and forward 100 g m  of each minera l  to  NASA-MSC. 

P e r f o r m  DTA and TGA of ammonium feldspar and i r radiated 
plagioclase and compare results with DTA and TGA of anortho- 
c lase  and labradorite.  

Complete mass spectrometer  analyses of the remaining minera ls .  

Corre la te  mass -spectrometer analyses of ammonium feldspar  
and i r radiated plagioclase with those of anorthoclase and 
labradori te .  

Correlate  DTA and TGA of each minera l  with its mass- 
spec t rometer  analysis.  

Conduct microscopic analyses of thin sections. 

Analyze X-ray diffraction patterns taken at room tempera ture  
and p res su re .  

Analyze X-ray diffraction patterns taken at tempera tures  and 
p r e s s u r e s  at which compositional changes were  noted in the 
mass - spectrometer  analysis. 

Fabr ica te  sample holder fo r  vacuum chamber,  which will s to re  
samples  f o r  chemical analysis. 

Initiate long-term vacuum experiment. 



APPENDIX A 

MINERAL AND ROCK SPECIMENS USED IN T H E  INVESTIGATION 

ACTINOLITE 

LOCALITY:  BRNO, SOUTH MORAVIA, CZECHOSLOVAKIA 
SOURCE: SOUTHWEST SCIENTIFIC C o .  

ANORTHOCLASE 

LOCALITY:  TANGANY I K A  
SOURCE: WARD’S N A T U R A L  SCIENCE ESTABLISHMENT 

A-1 



A N T I  GORlTE (SERPENTINE) 

L O C A L I T Y :  MONTVILLE,  NEW JERSEY 
SOURCE: U OF M MINERALOGICAL MUSEUM 

BASALT 

L O C A L I T Y :  BRANCHVILLE,  CONN. 
SOURCE: SOUTHWEST SCIENTIFIC CO. 

A - 2  



C A L C I T E  

L O C A L I T Y :  CREEL,  CHIHUAHUA MEXICO 
SOURCE: SOUTHWEST SCIENTI'FIC co. 

Ca -MONTMORILLONITE 

L O C A L I T Y :  HOUSTON, TEXAS 
SOURCE: NASA-MSC 

A - 3  



-- 

GOETHITE 

L O C A L I T Y :  MASIBE RANGE, MINN. 
SOURCE: WARD’S N A T U R A L  SCIENCE ESTABLISHMENT 

GYPSUM (SELENITE)  

L O C A L I T Y  : GI  R G E N T  I, SICILY 
SOURCE: SOUTHWEST SCIENTIFIC CO. 

A-4 
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HEMATITE 

L O C A L I T Y :  EGREMONT, CUMBERLAND, ENGLAND 
SOURCE: SOUTHWEST SCIENTIFIC CO. 

L A B  R ADORl T E 

LOCALITY:  ANDROTSY, MADAGASGAR 
SOURCE: SOUTHWEST SCIENTIFIC CO. 
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MUSCOV I T E 

L O C A L I T Y :  EFFINGHAM TWP. ONTARIO, CANADA 
SOURCE: WARD’S N A T U R A L  SCIENCE ESTABLISHMENT 

NATROLITE 

L O C A L I T Y :  L A N E  COUNTY, SPRINGFIELD BUTTE,  OREGON 
SOURCE: WARD’S N A T U R A L  SCIENCE ESTABLISHMENT 
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T A L C  

L O C A L I T Y :  NEW FANE, VERMONT 
SOURCE: U OF M MINERALOGICAL MUSEUM 

T E  K T l T  E 

L O C A L I T Y :  T H A I L A N D  
SOURCE: WARD'S N A T U R A L  SCIENCE ESTABLISHMENT 
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